SUMMARY The effect of two gel-forming polysaccharide gums, guar gum and Na-carboxymethylcellulose (CMC), on glucose transport in vitro was investigated using everted sacs of rat jejunum. The gums were added to the mucosal bathing media to give apparent viscosities in the range 1-110 Pascal seconds x 10-3, mPa.s(cP). Serosal Conversely, the reduction in hyperglycaemia associated with the ingestion of guar gum, the most effective material, is nullified by mild hydrolysis, which renders it non-viscous.3
gum in the fluid film surrounding the villi increases its viscosity, and thus gives rise to a thickening of the rate-limiting unstirred layer. If such an effect occurs in vivo, this could contribute to the diminished post-prandial glycaemia observed in human subjects fed guar gum.
In recent years, a promising advance in the dietary management of diabetes has come about with the observation that post-prandial glycaemia in man is strongly influenced by dietary fibre.1 Studies with human subjects have demonstrated that glucose absorption is slowed by the simultaneous ingestion of viscous dietary gums such as guar gum, pectin, or methylcellulose, and this effect has been shown to increase with the viscosity of the ingested gum. 23 Conversely, the reduction in hyperglycaemia associated with the ingestion of guar gum, the most effective material, is nullified by mild hydrolysis, which renders it non-viscous. 3 The mechanism underlying the effect of viscous forms of dietary fibre is still a matter of controversy. Recently, Holt et aL.4 have demonstrated that relatively large doses of guar gum and pectin markedly reduce the rate of gastric emptying in man, but their conclusion that this in itself is sufficient to account for the observed reduction of glucose absorption has been disputed."6 Earlier workers have suggested that the presence of viscous fibre in Received for publication 25 November 1980 the small intestine may slow absorption at the mucosal surface, but little evidence exists for or against this proposition.7 82 In the present study we have investigated the effect of viscous gums on glucose transport in vitro, thus avoiding the influence of intestinal motility and other systemic effects. We demonstrate that low levels of guar gum and sodium carboxymethylcellulose cause a pronounced reduction in glucose transport, and we show that this is probably brought about by an increase in the effectiveness of the mucosal diffusion barrier.
Methods

PHYSIOLOGICAL PREPARATIONS
Male Wistar strain rats (150-250 g) were allowed food and water ad libitum, before being killed by stunning and decapitation. Groups of everted jejunal sacs were prepared from each animal, filled with glucose-free Krebs bicarbonate buffer, and assigned randomly or by means of a latin square design to control and treatment incubation flasks. Glucose transport experiments were carried out in 25 ml conical flasks containing 10 ml of medium, 398 incubated at 37°C in a shaking water bath at 80 oscillations per minute, unless otherwise stated. In some experiments a second incubation stage was introduced. Sacs preincubated in glucose free media were suspended in a jacketed organ bath, containing medium, gently stirred by a rising column of bubbles. For transmural potential difference measurements, sacs were ligatured over glass cannulae (ca. 2.5 cm in length) and suspended in 15 ml glass centrifuge tubes containing incubation media, which were gassed continuously with 95% 02: 5% CO2, and maintained at 37°C in a water bath. In this study, cannulated sacs were rapidly transferred from a tube containing the normal incubation medium to one containing medium plus 50 mmol mannitol. The transmural potential difference was monitored with KCl/Agar bridges led via calomel half-cells to a Vibron Electrometer (model 33C) with attached chart recorder (Servoscribe IS) runing at 120 mm/min. All incubation media contained glucose (28 mmol). Under these conditions the osmotic induced potential had been previously shown to be linearly related to mannitol concentration up to at least 150 mmol.
OXYGEN CONSUMPTION MEASUREMENTS
The metabolic activities of tissue samples preincubated with and without guar gum were compared by means of Warburg manometry. Everted sacs from adjacent lengths of jejunum were incubated for 15 minutes in the presence and absence of guar gum. Everted rings of tissue were then prepared from each sac, and their oxygen consumptions were measured in paired Warburg manometers.14 Q02 values were subsequently calculated for the dried tissue samples.
EXPERIMENTAL DESIGN
To study the effect of guar gum or CMC on serosal glucose transport, four sacs were prepared from each animal and allotted at random to flasks containing either gum-free medium, or one of three concentrations of gum, such that the apparent viscosities of the media covered the range 1-110 mPa.s (cP).
To observe the effect of a single concentration of guar gum on glucose transport over a range of concentrations, 10 sacs were prepared from each animal, adjacent pairs being assigned to test and control flasks by means of a latin square design. Test flasks contained buffer, guar gum (0.25 %, viscosity ca. 16 mPa.s (cP)) and glucose at a concentration of 5, 10, 20, 35, or 50 mmol. Control flasks were identical except that guar gum was omitted from the medium.
After incubation the sacs were rinsed in glucose. free buffer, the serosal solutions were collected in pre-weighed glass vials, and the tissue was dried overnight at 80°C. Serosal solutions were weighed and assayed for glucose by the GOD/PERID spectrophotometric method (Boehringer Mannheim). The total serosal glucose transport for each sac was calculated and expressed in terms of tissue dry weight.
In experiments designed to study the effect of preincubation in guar containing media, four sacs were prepared and alloted in random pairs to glucose-free media with or without guar gum (0.25 %, viscosity ca. 16 mPa.s (cP)), and incubated All mucosal media contained glucose (28 mmol).
for 15 minutes. The four sacs were then rinsed, and incubated for another 15 minutes in guar-free medium containing glucose (28 mmol), so that they were all exposed to an identical mucosal medium during glucose absorption. An average value for glucose transport was then calculated for each pair of sacs. For unstirred layer measurements, three cannulated sacs were prepared and randomly assigned as follows. For 'sac 1' (Table 2) the measurement was made as soon as a stable transmural potential difference was established in gum-free medium.
Mucosal glucose concentration (mM) Fig. 1 Comparison ofserosal glucose transport in paired sacs (five animals) in the presence (0) and absence (0) ofguar gum (025 %) at various concentrations ofglucose. Curves fitted by eye.
'Sac 2' was incubated for 15 minutes in gum-free medium before measurement, and 'sac 3' was preincubated for 15 minutes in a medium containing either guar gum (0 5 % w/v, viscosity ca. 100 mPa.s (cP)), or in CMC (0.7 % w/v, viscosity ca. 110 mPa-s (cP)).
Results
GLUCOSE TRANSPORT IN PRESENCE OF GUAR GUM AND SODIUM CARBOXYMETHYL-CELLULOSE
The presence of either guar gum or CMC in the mucosal medium was associated with a significant reduction in serosal glucose transport (Table 1) . For both types of gum, there was a steep decline in glucose transport as the apparent viscosity of the mucosal media rose from 1 to 20 mPa.s (cP), with a levelling off thereafter. Figure 1 illustrates the inhibition of glucose transport by guar gum (0.25 %) over a range of mucosal glucose concentrations. Note that the use of a relatively long incubation time, coupled with the evident metabolism of glucose by the sacs, renders a rigorous kinetic analysis of these data inapplicable.
Using the two-stage incubation procedure, it was demonstrated that the inhibitory effects of guar gum The restoration of glucose transport in the presence of guar gum, to control levels, brought about by increased stirring during incubation (Fig. 2) , seems inconsistent with any reduction in the glucose transport capacity of the tissue itself, but this result can be readily explained in terms of a reduction in the effectiveness of the mucosal diffusion barrier, brought about by a thinning of the unstirred water layer overlying the intestinal villi. The importance of the intestinal unstirred layer as a modifier of transport kinetics has been stressed recently by several workers. '5 16 17 Taking the figures for guar gum (Table 2a) , a value of 3594+21 V. was obtained for the unstirred layer thickness of freshly prepared sacs measured under unstirred conditions. This figure is substantially higher than that obtained for rat jejunum by previous workers10 (198 + 5 ,u) but it is comparable with that of about 300 V. measured in rabbit intestine,' and substantially less than the figure of 632 +24p measured in vivo in human subjects.'8 Such discrepancies presumably reflect morphological differences in the various preparations as well as differences of experimental technique.
Incubation for 15 minutes in guar-free buffer led to a significant reduction of about 10% in the thickness of the unstirred layer. This finding is consistent with the report of Westergaard and Dietschy,11 who observed a similar reduction in the unstirred layer of rabbit intestine after incubation in vitro, and who showed this to be accompanied by swelling of the villi with a consequent obliteration of the intervillous spaces due to fluid accumulation. In the present studies, incubation of the intestine for 15 minutes in a medium containing guar gum led to an increase in the apparent thickness of the unstirred layer of about 48 % when compared with sacs preincubated without guar, or 30% compared with the freshly prepared sacs. Similar, though less pronounced, changes were observed in the apparent unstirred layer thickness of sacs incubated with CMC (Table 2b) .
We propose that the inhibition ofglucose transport observed in the present study is best explained by an increase in the resistance of the mucosal diffusion barrier brought about by the greater viscosity of incubation media containing polysaccharide gums. It is important to realise that the unstirred layer measurements quoted here and in other publications are not to be taken too literally. In reality, there is no stationary water layer sharply divided from the bulk phase, rather there is a region of progressively diminished stirring, tending toward immobility at the mucosal surface. The calculated thickness corresponds to an idealised immobile film of water having an equivalent resistance. The presence of long polymer chains in the incubation medium confers upon it some of the properties of a gel, with a corresponding decline in the mobility of the fluid layers surrounding and overlying the intestinal villi.
A second possible factor limiting the diffusion of solutes in media containing viscous gums, is the obstruction caused by the molecules themselves. In a gel, the molecular chains form a complex threedimensional lattice extending throughout the aqueous phase. Assuming that there is no interaction between the solute and the polymer, and that the diffusing molecule is small in relation to the intersegmental distance of the lattice, then its mobility is restricted as a result of collisions with the polymer which increase the effective diffusion path length. This restricted diffusion may be expressed by the For a gel having a polymer volume fraction of 1 %, the diffusion coefficient will be reduced to about 96 % of its value in water. In calculating the apparent unstirred layer thickness we have ignored this effect and assumed a constant value for the diffusion coefficient of mannitol, regardless of the presence of guar or CMC. This is partly because of the low concentration of gum used, and partly because under the conditions of measurement, the concentration of gum at the mucosal surface is not known with accuracy. Nevertheless, the restrictive effect of' the gel structure must make some contribution to the increased resistance of the mucosal diffusion barrier, and this may have to be taken into account when considering the effects of large doses of gum in vivo.
The possible importance of viscous gums in modifying intestinal absorption of nutrients, as opposed to their effects on gastric motility,4 will need to be assessed in additional studies. The present work shows that, in appropriate circumstances, the presence of gum in contact with the intestinal mucosa exerts a considerable influence upon transport. In the intact animal there is, presumably, an interaction of the two effects, with their relative importance dependent on composition of the diet. At present little is known about stirring rates in the intestine, or about the viscosity of the normal intestinal contents in man and the way this varies in response to changes in dietary composition. Nor do we know the possible importance of other factors besides viscosity in determining the behaviour of nonabsorbable materials in the gut. In this study we have shown that the guar gum need not be in the bulk phase to exert its effect, but need only be present in a superficial film after preincubation of the intestine in the gum. This may indicate some degree of interaction between the guar and mucopolysaccharides of the mucosal surface, which perhaps help 'anchor' the surface layer for a period. If this is so, the chemical structure of a particular gel-forming gum may help determine its effectiveness in modifying the intestinal unstirred layer. It is hoped that these approaches may prove effective in determining the importance of the dietary fibre in the normal human diet, as well as helping contribute to the development of an optimal diet for the management of diabetes in man.
